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FOREWORD 


This Data Dump Report on the Combustion Performance and Heat Transfer 
Characterization of LOX/Hydrocarbon Type Propellants Program is being submitted 
as per the requirements of Contract NAS D-l 5958. The work for this program is 
being performed by the Aerojet Liquid Rocket Company (ALRC) for the NASA - 
Lyndon B. Johnson Space Center. The contract period of performance is 24 
September 1979 through 24 January 1981. 

This report consists of a comprehensive summary and data dump of the 
Task I effort. Regenerative Cooling Characterization. 

The NASA/ JSC Project Manager is Mr. M. F. Lausten. The ALRC Program 
Manager is Mr. J. W. Salmon, and the Project Engineer is Mr. R. S. Gross. 
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I. 


INTRODUCTION 


Spacecraft orbit maneuvering and attitude control propulsion systems 
have almost exclusively utilized earth-storable hypergolic propellants. 

These typically pressure-fed systems are very simple and reliable. However, 
the propellants are toxic and corrosive. The hydrazine type fuels are also 
very expensive, and health hazards associated with their production have 
been identified. Preliminary studies indicate that LOX/HC (Hydrocarbon) 
type propellants are the best alternatives for all but the very high energy 
missions (transfer from low to geosynchronous earth orbits) since these 
require the high specific impulse LOX/Hydrogen propellant combination. It 
is recognized that increases in system complexity are unavoidable with the 
cryogenic LOX/ Hydrocarbon and LOX/Hydrogen propellant combinations. 

Studies have shown that two of the major keys to achieving low space 
transportation costs are minimizing engine development and operational costs. 
Consequently, major reductions in future space transportation costs will 
have to be achieved with highly reusable systems requiring a minimum of 
maintenance and utilizing low-cost propellants. 

The present data base for the LOX/HC propellants is inadequate as 
a basis for selection of the most suitable technology and fuel(s) for 
spacecraft auxiliary propulsion systems. The objective of this program is 
to establish a sound data base by analytically and experimentally generating 
basic regenerative cooling, combustion performance, combustion stability, 
and combustion chamber heat transfer parameters for promising LOX/HC 
propellants, with specific application to "second generation" orbit maneuver- 
ing and reaction control systems (OMS/RCS) for the Space Shuttle Orbiter. 
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Introduction (cont.) 


The technical effort for this program is being conducted in two 
major tasks: 

Task I, Regenerative Cooling Characterization, consists of a cooling 
comparison study of candidate fuels, together with an experimental heated 
tube study of their heat transfer characteristics. 

Task II, Subscale Injector Characterization , consists of the design, 
fabrication, and testing of subscale hardware in which the combustion character- 
istics of LOX/HC propellant combinations will be evaluated. 

The Program Schedule is shown in the milepost chart of Figure 1-1. 

The objective of this report is to provide a comprehensive summary of 
the data generated during the Task I effort. This report is divided into 
the following principal sections: Section I, Introduction; Section II, 

Task 1.1 - Cooling Correlation and Comparison; Section III, ' r ask 1.2 - Heated 
Tube Testing and Data Correlation; and Section IV, Task I - Conclusions and 
Recommendations. 
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Figure I-l . Program Milepost Chart 



II. TASK 1.1 - COOLING CORRELATION AND COMPARISON 


A. OBJECTIVES AND SUMMARY 

The objectives of the Task 1.1 cooling correlation and comparison 
effort were as follows: (1) conduct a literature review of the cooling 

characteristics of propane, methane, RP-1, and ammonia; (2) conduct an 
analytical parametric study of these fuels as thrust chamber coolants for 
a thrust range of 1,000 to 10,000 lbF at 100 to 1000 psia chamber pressures; 
(3) submit recommendations *or coolant capabilities; and (4) specify operating 
conditions for which resistance- heated tube testing is required to provide 
needed information or verification of existing correlations. 

As illustrated in Figure II-l, the cooling regimes studied fall 
into the following broad categories: (1) supercritical pressure forced 

convection; (2) subcritical pressure, superheated vapor forced convection; 
and (3) subcritical subcooled forced convection and nucleate boiling. 

Extensive analyses in each of the categories were performed for propane. 

The evaluation of methane was limited to single-phase heat transfer at super- 
critical pressures and as a superheated vapor at subcritical pressures.. 

Boiling heat transfer was not considered due to the little subcooling avail- 
able. RP-1 was evaluated at supercritical pressures and as a subcritical 
liquid in forced convection with possible nucleate boiling. The high 
critical pressure of ammonia limited consideration to the superheated 
vapor state and to forced convection nucleate boiling regimes. All analyses 
were performed using the ALRC SCALER and B0SCALE programs. 

The cooling capability of the four fuels was compared in a 
single up-pass zirconium copper thrust chamber with nickel closeout. 

Additional analyses for ammonia were conducted in a 304L stainless steel 
chamber since a copper/ammonia reaction would prohibit the use of a copper 
thrust chamber in practice. The analvses conducted in the 304L SS chamber 
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II, A, Objectives and Summary (cont.) 


were inconclusive because a solution convergence problem was encountered in 
each test case. Inspection of the data indicated an adverse cooling fin 
flux transformation resulting in substantial j higher fluxes on the coolant- 
side than on the gas-side. After several channel design iterations had 
failed to improve the flux transformation, ammonia cooling in the 304 SS 
chamber was no longer pursued. 

The cooling capability of the four fuels in the Zr-Cu chamber 
over the study ranges of thrust and chamber pressure was also founci to be 
sensitive to channel design. Several different channel layouts were used 
to best accommodate the different operating and cooling regimes. 

Results obtained using a Zr-Cu chamber show both propane and 
methane at supercritical pressures to have adequate cooling capability for 
an OMS application (6K to 1 OK lbF), with methane demonstrating the greater 
cooling margin. Propane and methane as a superheated vapor were satisfactory 
coolants at subcritical pressures for both the OMS and RCS application. 
Nucleate boiling heat transfer with propane was not satisfactory due to the 
low burnout heat fluxes calculated with currently available correlations. 
These correlations were suspect, however, as the design conditions are for 
outside the range of data for which the correlation was developed. RP-1 
proved to be an unsatisfactory coolant. All cases were limited by the 
low coking temperature allowed (550°F). Ammonia analysis in the Zr-Cu 
chamber resulted in acceptable nucleate boiling and subcritical vapor 
cooling for the OMS/RCS application. 

Based on the analyses conducted. Figure 1 1-2 depicts an estimate 
of the most probable thrust and Pc ranges that could be accommodated by 
the cooling characteristics of the four fuels studied. 
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II, A, Objectives and Summary (cont.) 


Heat availability from the low heat flux region of the OMS and 
RCS nozzle geometries was evaluated to determine whether subcritical coolant 
vaporization could be obtained. Propane and methane show promise, partic- 
ularly with some bypass flow. The results of these evaluations are plotted 
in Figure 1 1 -3 . 

The analysis of propane as a coolant has shown the need for 
further experimentation to accomplish the following: 

(1) Verify the applicability of the ALRC LOX correlation as 
an adequate characterization of the heat transfer characteristics of super- 
critical propane, or, if not applicable, develop a correlation specific to 
propane. 


(c) Extend the burnout equation to cover the range of V AT ^ 
values typical of propane in channel flow. 

(3) Obtain data on incipient nucleate boiling as a function of 
pressure, velocity, and bulk and wall taupe ratu res, and evaluate the nucleate 
and film boiling heat transfer characteristics of propane. 

(4) Determine the wall temperature threshold at which propane 
decomposition has practical significance. 


B. TFCHNICAL BASIS FOR THE COOLING COMPARISON ANAL VS L. 

1 • Regen e rati v e Cooling Co mpar i son Model 

Regenerative cooling comparisons of Task 1.1 for single- 
phase fluids were generated with the SCALER Program, a program developed 
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Figure 1 1-3. Heat Availability Evaluations 
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II, B, Technical Basis for the Cooling Comparison Analysis (cont.) 

specifically for parametric design studies. With this program, it is 
economically feasible to generate a relatively large number of parametric 
design points for selected fuels and still obtain a detailed, muHi-station 
analysis of a rectangular channel at each design point. This technique 
provides an analytic modeling base for comparing fuels at realistic, 
regeneratively cooled engine conditions. 

The SCALER program scales the chamber geometry and the 
local gas-side heat transfer coefficients and coolant heat loads from 
reference input to other thrust and chamber pressures. The coolant channel 
geometry parameters are prescribed together with channel material (s) and 
their temperature- dependent properties and the coolant-side heat transfer 
correlation(s). Two-dimensional heat conduction around the coolant channel 
is included, providing a fin effectivity which results in a transformation 
of the gas-side heat flux to a lower-valued coolant-side flux. At each 
station, the program iterates to determine the channel depth required for satis- 
fying (1) a gas-side wall temperature limit, which can be specified as a function 
of closeout wall temperature consistent with cycle life and creep criteria, 
and (2) an optional coolant-side wall temperature limit, which can be 
specified as the decompositio.i (or "coking") temperature for the coolant. 

The only simplifying assumption is that gas-side wall temperature differences 
between the reference input and the scaled cases have a negligible effect on 
gas-side heat transfer coefficients and heat loads. Normally, gas-side wall 
temperature limits are well-known in advance, so that local reference gas-side 
heat transfer analyses can be run at appropriate wall temperatures with the 
conventional HEAT program. 

The SCALER program was developed for forced convection 
cooling. A modified version, BOSCALE, was prepared during this study to 
include subcooled nucleate boiling characteristics and the burnout heat 
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II, B, Technical Basis for the Cooling Comparison Analysis (cont.) 


1 


flux as parameters. This version defines the required local coolant velocity 
based on a specified burnout safety factor. This factor is defined as the 
rat’o of the maximum nucleate boiling heat flux predicted by an experi- 
mentally derived burnout correlation to the maximum value of the coolant- 
side heat flux. Iteration on channel depth thus satisfies both the gas-side 
wall temperature limit, as in SCALER, and the coolant-side heat flux limit. 

2. Gas-Side Boundary Laye r 

Throat Reynolds numbers in the present study cover a 
range which yields three distinct boundary layer flow regimes as a result 
of flow acceleration in the convergent section. At high Reynolds numbers, 
the flow remains turbulent, and heat transfer coefficients are calculated from 
a standard pipe-flow correlation, as shown in Figure II-4. The dip in the 
turbulent correlation coefficient, shown in the figure, accounts for the 
effects of flow acceleration. At low Reynolds numbers, acceleration effects 
are strong enough to cause the boundary layer to undergo a reverse tran- 
sition to laminar flow. At moderate Reynolds numbers, the reverse tran- 
sition process is startei but not completed, and the throat boundary layer 
is in a transition state. These regimes are shown in Figure 1 1 -5, in which 
the solid curve gives the throat Stanton number as a function of the diameter 

Reynolds number. The reverse transition regime spans the Reynolds number 
5 

range of 6-13 x 10 . This range, a well as the coefficient of the larm- 
narized characteristic and the shape of the transition curve, is based on 
Refs. 2 and 18. 


Figure 1 1-5, also illustrates the calculation procedure 
used upstream of the throat when reverse transition or complete laminar- 
ization occurs atthe throat. Consider first the laminarized case with the 
throat at point #1. A laminar boundary layer analysis. Ref. 19 is used to 
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Figure 1 1 - 5 . Gas-Side Heat Transfer Characteristics 





II, B, Technical Basis for the Cooling Comparison Analysis (cont.) 

predict the Stanton number upstream of the threat. This analysis is based 
on a length Reynolds number, with the effective starting point of the 
laminar boundary layer calculated such that the predicted throat Stanton 
number equals the empirical value from the solid curve of Figure 1 1-5, i.e.: 

C Re '°- 5 = 0.4 Re- _0,5 
x t x t T t 

This boundary layer analysis applies downstream of the point in the convergent 
section where the local turbulent and laminar Stanton numbers are equal, i.e.: 


C 


g 




5 


with Cg being the local turbulent correlation coefficient from Figure I 1-4 . 

When the throat Reynolds number is in the reverse transition 
region, as illustrated by the vertical dashed lines in Figure I 1-5 at 
Re^ % 10 x lO , a fictitious laminar boundary layer analysis, based on an 
extension of the laminarized throat characteristic, is used. In this case, 
the boundary layer analysis is forced to match the fictitious Stanton number 
at point #2 in this figure. Local heat transfer coefficients are then cal- 
culated by weighting the laminar and turbulent coefficients as follows: 



in which S is the actual throat Stanton number, while Sy and S^ are the 
throat values obtained by extension of the turbulent and laminar character- 
istics, respectively. These three Stanton numbers are identified in Figure 1 1-5. 
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II, B, Technical Basis for the Cooling Comparison Analysis (cont.) 

The reverse transition region limits, defined in Figure 1 1-5 , 
divide the thrust-chamber pressure box of interest therein into three regions, 
as is shown in Figure II-6. It is apparent that only a relatively small 
region at low thrust and low chamber pressure results in laminar flow in 
the throat boundary layer. Approximately three-quarters of the parametric 
range of interest is in the conventional, fully turbulent regime. Hydro- 
carbon fuels exhibit a small, low-thrust, low-Pc region characterized by a 
laminarized boundary flow regime. 

3. Radiation-Cooled Nozzle Extension Attachment Area Ratio 
Criteria 


The minimum area ratio at which a radiation-cooled nozzle 
extension can be attached for oxidation protection of a columh’um alloy 
(FS-85 or C103) by a silicide coating (SYLCOR R512) was calculated on the basis 
of the lower temperature-duration curve of Figure 1 1-7 . Predicted wall 
temperatures were based on the simple energy balance: 

h 9 I 1 ™ - V ■ ” E 0 + v <V 4 


in which: 

e = coating emissivity; typical value is 0.85 

f. = internal view factor to end planes from an 

axi symmetric, view factor program 

A 15-hour firing duration, compatible with the OMS application, results in a 
conservative wall temperature estimate of 2755°F for attachment of the radi- 
ation-cooled nozzle extension. 


15 



Chamber Pressure, psia 


I 



Figure I 1-6. Gas-Side Boundary Layer Flow Regimes 
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Figure II-7. R512 Silicide Coating Oxidation Protection 
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II, B, Technical Basis for the Cooling Comparison Analysis (cont.) 

4. Thrust Chamber Geometry Pefi nation 

a. Chamber Length and Contraction Ratio 

The respective mixture ratios and specific impulses of 
the four propellant combinations considered in this study were as follows: 


MR *sp 


V C 3 H 8 

3.0 

365 

o 2 /ch 4 

3.6 

375 

o 2 /rp-i 

2.85 

356 

o 2 /nh^ 

1.45 

340 


Fuel vaporization limits performance rf the oxygen/RP-1 combination, resulting 
in a combustion chamber characterized by a large L' value. Since the study was 
limited to considering single-pass flow towards the injector, the 0 2 /RP-l 
chamber length was estimated conservatively at a maximum value of 18.6 in., and 
station calculations for all fuels were carried to this L' limit, with the 
result that the actual L' could be selected at a'-y point in the chamber as 
desired. In this parametric study, values of L 1 ranging from about 10 to 11 
in. were selected as representative of the mean for a simplified evaluation of 
temperature rise ?nd pressure drop. In a preliminary design, thrust and 
chamber pressure, as well as value judgments based on experience with the vapor- 
ization and comDustion characteristics of each propellant combination, would 
be used to optimize L* . 


Cased upon the URC Integrated Thruster Assembly (ITA) 
engine design, a chamber contraction ratio of 3.3:1 was selected. 
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II, B, Technical Basis for the Cooling Comparison Analysis (cont.) 

b. Chamber Contour Selection 

The chamber contour used in this study is showr in Figure 
I 1-8. The convergent section contour was selected in order to promote boundary 
layer laminarization within the limits of standard design practice. Since this 
requires the use of a large convergence angle with a conical section of 
sufficient length, a 30° convergence angle along with a radius of curvature 
at the start of convergence just large enough to prevent flow separation and 
local heat transfer coefficient perturbations, was selected. 

c. Nozzle Contour Selection 

The non-dimensional contour data for n 400:1 area 
ratio, 90% bell nozzle is shown on Table II-I. The symbol v on this table 
represents the ratio of the nozzle radius to the throat radius, whereas Z stands 
for the ratio of the nozzle axial length (measured from the throat) to the 
throat radius. Packaging considerations limit the maximum diameter of the 
nozzle. For an OHS application, the largest expansion ratio for a nozzle 
exit diameter of 40 in. is shown as a function of the thrust/chamber pressure 
ratio as the upper curve of Figure 1 1-9 ; the lower curve is for an RCS 
application, in which the nozzle exit diameter is limited to Z0 in. 

5. Coolant Circuit and Material Selections 


a. Regeneratively Cooled Chambers 

For hydrocarbon crolants, the designs analyzed con- 
sidered rectangular slots in a zi rconiun, -copper (aged at 1100°F) liner with 
an electroformed nickel closure. Since an ammonia-copper reaction is a 
possibility at high wall temperatures, 304L stainless steel was selected as 


19 



• TCA GEOMETRY 



Figure I 1-8. Thrust Chamber Contour 




] 


! 

I 


B 8 ^ -u cr r- 7 0 8 flA/^^-lOU 0 8 0 

M** *- B> ip -~ 9 f\jiyj*-^s\r^*~>er- c> c o- pj a — p- 901 — — pj— BO* o p* \r> — *v 

<9 *M — O > P 9 0—^9 CO— — o 'V o ? ^ i-> 9 'VI -C ©9IQ*'»-'V»->I 

«ec n c . ® p - » « o 

— —— — — — — — — — 


Atfk|0«^^00 *98 O -BN 9 *p#> * < N9 |\# ** O »* O O 

BrfMANtT 9 » <*U — O lO O' - IVi/'O*— OS^Jl —t ip •» »P 3^9 ip « ^ M 9 O 

o tp B ip ip ip o o o « j o 0^9 on* nj a *o ai 7 « «n«vaj*n** wo 

O — — fU ** V «P £ « <* a M -«(/k * * iDM l flK3*>0*loM\)h(VCir<V«00 


3 9 9 P «P « ANNS90-^ 


>W N « B ON BN *NMNOj«fVOOO«4*NON — ry CP *MON>«inO-« 
* 14 ^^ 86 NH* B 0«**|/N|/»|/>*NNMAIA3 — lP « S IT o a 9 kP rv * 


a, ^x>|p« — •OP^**V — Oil £/7^AO»Ml»AcSrterAK».3 A) r~- o o A> 

s £ — © p - p ^ op *©— p . 9 ©^..po £ <\l ® 9 © B 

Ui .£•..*.• ©0 0 *> 9 CCINNSNafl « l /' l /'^ 397 ^ IA'PAlN - — — O 

* 1 * * * * 9 * fll 0 P *^ P - '» P ' O ^ P - ' - ' PPi rf ' PW > P ' 0 Kl ^ KkP , n '^ P«^'O 


^ O BOB ' 


OJ 


-Q 

<0 


o 

o 

n 

(1) 


=» 

o 


C 

O 


Q 

N 

N 

O 


toooaooooooooooooooooi 


I O 3 0 0 O ( 


•*>.N * <* * * CAN ^ Ni O J 3 ^ OkP J O M « a *1 *P 9 P- kP *A — JN 

BBO * «« M *| p » »* PM 3 O O ^ C A * C Au ^ C COOtOaoi^W 

B « m O * O B •- ^ 9 3 0 O — ~ O N- O B B BN-8>0^0 

B •• *• b # * ip — n. « o f- •^t/f^oN^MCMca^-ff MAP - cr & 09 

— — p- T* 4^ 9 * <c » d> N- P» P» £ © A A lAjkiPtn 3 9 9 * W « r\i *v (V Oi 

/A v #<« 4 * * • * • 


lOOOOOOOOO * 


000000000 c © O < 


000000 


« A P « C « * n 9 — <© 9 © *• r> ru B a :/> 9 — P* Pi 0- O' Pj P; Pj £ PI — ip *■» — 

PM • — N"k <, — — O — Pi © *P — — i p — tP *V O — 9 PO'POPlO— N-P~'V— •wp* 

« O [- O — N - AN 9 * P * l / lPPj -- f\)rAirCC - 30 - 1 » l /'- lCiP \ OC ’ eM*N 

* V P* A C £ *P — ,£> A cr Pi O D A3Aj-9Nf7^\C9CNlPO^<\J- 

«KN« A * IP IP uk «A it a 99 ©,*%*Pi*p,pM|fVPipiPiA|PlPl— — — — — — — — 


OA ' JC ^ AP < VN ^ BNAMIV 8 *a AM AOrt ONn 7 CCP ^ 7 VPN 
O O 9 n S P 0T» — T A O \( \ T 9 £ > > A'ypO^PJN^TNMjrfi *> *P 
• CJPjfyW 3 9 Jk'-'M-O** A 8 Pj O N 9— «tP — P- *P C 


M * «• * P C 3 A O OD * N C 9 * a -• P 9 n c 3 N B N 9 P»S i/> 3 (A * /} O 

rt e P <\( P/ »- * B 9 O A M 9 IT p « ip — © * B IP IP IP £ ® — tP <T 1 ^ *M O * O Pj 

O IP •*! B * N O N © *P P C< O — I B C — 9 N- © MiPC*-3N*7f» — U> O * J N- — 

(DPPBP »* qMT(AirirAfl BBr -. N - p - p-cXCtPCPB OOC ’— — — M \ P 


— W > O' 

< X "> 
3 > ; \ 

O Qt U *■ 

9 3 9 

iP U in 9 

IV 3P» 

D ■ ** • _ 

-0*0*3 

*- 3 ►* - 

x ip - *- 

mi a c < 

pm — m a 

u o at 

<— « x 

to. « * -I B O 

M. -» •“"* 

Ml * -J «* X «/* 


IP N > W <• 

* 1 

« 3 ► ; 
» m * 

m x a 

Ml ►* 3 


t s x a . 

9 W *« 
: w ju . 
1 ^ 


I NN 

3 0 3 

O X X 


O — *P 9 <009011/* - N.9 93.P.PHIP9— cKr-AOB A 1 * P * P - 41 — 

oiwse am A*3 9 in c © 9 © 3o»PN.»p9r— iP'P-© — »p *> r. © o 9 p 

O O A N A A C N MiCC IT A J M M CJ Mun A <P P O M/ 1 N O NN 9 kT ? O 

0 9 0 — 9 P* O 9 O* 9 5 L N T — O-PpPn. 9 9 © © 9 P <\j J t * 9 - p C. a 9 

N< o*«-Kft(NPBP*/0 O PJ CP iP p © A9(VC>**0 - «P < *■ CAj O? O 

OfljfMfVPPT'TJ'lA £ P- *■» C T) > — © — Pi -N t 7 p O 00 O O — P 9 C £ C“ P 

— — — — — — — — — — — ( Vf \ lftlfM 0 A < M 9 W*O 


ON* CNBi^p? ASK O'AON'AOOPp' NPn9m9*APOU > - © p. 
c A N P a O — *9 G t O N f P I ,* 1 A BOV 9 9 « mNHCMMNN «( 80 oJ 
B — 9 ON-* P-PIMPP*® - 7N-St'r7CO*'?'Ni\ ) »U3ftj / © N 
09 #««3*\KNJN B B X — N- 99A-(,?7r\l/tN9MAAPC-l £ 

X ONNNOOir> 9 fP®Pt 7 *p-K 3 aN 1 AP- 0 >**ON 90 MN 
000--NNNPPA9lTl/'AANt*9 © o m N P 3 rflP t C * O - P9 



< Ml 

Q O 


X * 

e: 


I 

j 

t 


! 


21 





Table I I- I (cont.) 
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II, B, Technical Basis for the Cooling Comparison Analysis (cont.) 

the construction material for the slotted section (again with a nickel closeout) 
to conduct the cooling analyses with ammonia. These chambers were considered 
to extend normally to the area ratio (e^) at which a radiation-cooled nozzle 
extension can be utilized since these area ratios are relatively low. In 
case the two-phase heat transfer in the high-flux region of the nozzle was 
undesirable, however, it was considered to extend the nozzle channel design 
area ratio to 6:1, at which point it was assumed that superheated vapor at 
subcritical pressures, produced in a vaporizer section such as, for example, 
a tube bundle or channel design, would be provided to the primary nozzle 
channels. This type of vaporizer would thus extend from an area ratio of 6:1 
to the area ratio determined by heat load requirements to vaporize the coolant 
and add some small amount of superheat (assumed as 10°R in this study). 

Gas-side wall temperature limits for Zr-Cu were based on 
the creep and cycle life considerations shown in Figure 11-10. This curve is 
based on 500 cycles, a safety factor of four, and a hold time of 15 hours. 

The hot gas-side wall thickness requirements for Zr-Cu are shown in Figure 
11-11 . For cooling analyses with ammonia, the equivalent data for 304L 
stainless steel requirements are presented in Figures 11-12 and 11-13 for 
250 cycles and a safety factor of four. Due to initial solution convergence 
failure, this data was not extended to 2,000 cycles. Note that creep allow- 
ance was not included in Figure 11-12, limiting the hot gas-side wall temper- 
ature to 800°F. The strength data for a differential pressure of 1,000 psi 
were input to the channel design programs for the reference case hot wall 
aspect ratios at the cold and hot conditions. The actual pressure differ- 
entials across the hot wall were used in the program to determine wall thick- 
ness at each station. 

A typical channel layout is shown in Figure 11-14. 

Ideally, each set of input parameters (e.g., inlet pressure, bulk temperature. 
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Figure 11-14. Channel Layout 



II, B, Technical Basis for the Cooling Comparison Analysis ^cont.) 

coolant state, etc.) requires an iterative optimization of station channel 
and land dimensions to minimize pressure drop and provide the most effective 
cooling. Although such an optimization was beyond the scope of this para- 
metric study, several channel designs (to be discussed later) were utilized 
as approximations for the needs of a broad categorization of heat transfer 
regimes and coolant states (e.g., dense single-phase supercritical super- 
heated vapor, etc.). 


In order to minimize maldistribution of flow resulting 
from typical dimensional tolerances, a channel depth of 0.030 in. was selected 
as the minimum representative of a feasible channel design. Channel depths 
ranging from 0.020 to 0.030 in. were considereo marginal in that it was con- 
sidered oossible that channel optimization could result in obtaining a minimum 
channel depth of 0.030 in. Calculated channel depths of less than 0.020 in. 
were considered beyond the probability of significant improvement. 

b. Nozzle Extension 

FS-85 columbium with a silicide coating was selected 
because of its high temperature capability. This material was found to be 
suitable for use in nozzles with low pressure levels. 

6. Coolant Properties 

Data requirements for the SCALER and B0SCALE thermal analysis 
programs consist of the following criteria: 1) coolant thermodynamic 

(density, enthalpy, specific heat, and sonic velocity); 2) transport (thermal 
conductivity and viscosity); and 3) saturation pressures and temperatures. 
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II, B, Technical Basis for the Cooling Comparison Analyses (cont.) 

a. RP-1 

Density, specific heat, thermal conductivity, and 
viscosity data were an integral part of the SCALER program data bank at 
the inception of the study. Data for saturated liquid are utilized under 
340 psia and 800°F; above the critical pressure, the data have been extended 
to 1800 psia and 1280°F. 

b. Methane 

Similarly, density, specific heat, enthalpy, sonic 
velocity, thermal conductivity, and viscosity data for methane were avail- 
able at the start of analysis. Pressures range from 100 to 10,000 psia, 
while the data temperature ~ange is from -290 to 1340°F. 

c. Propane 

A very limited data file for propane required that 
more extensive property data be obtained and included in the program data 
bank. The density, enthalpy, specific heat, and sonic velocity data of 
Ref. 4 were input for a pressure range of 1.45 to 2030 psia ar.d a temperature 
range of -298 to 800°F. The transport properties of thermal conductivity 
and viscosity were obtained from the data of Re p . 5. It was necessary to 
graphically extrapolate both the low and high ends of the temperature spectrum, 
with pressures ranging from 145 co 2176 psia and temperatures ranging from 
-298 to 800° F. 
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II, B, Technical Basis for the Cooling Comparison Analyses (cont ) 
d. Ammonia 

No data for ammonia were available to the design pro- 
grams at the start of the analysis. Thermodynamic data (density and enthalpy) 
were obtained from Ref. 6. An extensive effort was required to extend these 
data to include sonic velocity, thermal conductivity, and viscosity data for 
pressures up to 2000 psia and temperatures between -60 and 1040°F as per the 
approaches of Refs. 7, 8 and 9. In the absence of specific heat data the 
program logic was modified to accept a pressure- temperature-enthalpy re- 
lationship in calculating Dulk temperature rise and pressure drop. 

C. ANALYSIS CRITERIA 

A point design analysis at a given thrust and chamber pressure 
was considered acceptable when the following criteria were met. 

1 . Channel Gas-Side Mall Temperature 

The coolant channel design program limits the gas-side 
channel wall temperature and the temperature difference between the gas-side 
and channel closure as set by creep and cycle life considerations. These 
criteria ere shown in Figure 11-10 for zirconium-copper and in Figure 11-12 
for 304L stainless steel. Where these criteria could not be met and were 
the limiting factor in the analysis, cycle life limit was reported. 

2 . Chan nel Coolant-Side Wall Temperature 

For the hydrocarbon coolants, the limit on the coolant-side 
wall temperature was the reported coking temperature* 


Propane 

800°F (750°F in some analyses) 

Methane 

1 300° F 

RP-1 

550°F 
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II, C, Analysis Criteria (cont.) 


The coking limit of 1300°F for methane was net a practical 
limit in that maximum gas-side wall temperatures we . limited to 1000°F. 

Where the coolant-side temperature become limited by the coking temperatures, 
a coking limit was reported. 

3. Coolant Pressure Dr op 

For this study, a maximum pres .ure ratio ( p .j n -| et : p c) 

of 1.8 was allowed. The pressure in excess of the chamhe*- pressure would 
normally be distributed 20/60 between injector and regeneratively cooled 
jacket. The design program requires input of a specific coolant inlet 
pressure, and this parameter was normally input as 1.8 times Pc. A lower 
ratio, 1.3, was used in selected subcritical analyses where regen jacket 
aP was not limiting and where ratios in excess of the coolant critical 
pressure may involve phase change. 

4 . Burnout Safety Factor 

The burnout safety factor (BOSF) criterion constrains the 
ratio of the burnout heat flux to the maximum coolant-side heat flux iter- 
ating on channel depth to provide the necessary coolant flow velocity. Burn- 
out heat fluxes employed relationships of the following form: 

0 BO = K 1 + K 2 V ( T sat " V 

The value of the BOSF was initially setatl.6. For propane, 
this conservative estimate could not be met, and convergence failures, in all 
cases, precluded a complete description of the limiting factors. As a result, 
the BOSF was changed to 1.0 for all subsequent analyses, and the burnout 
safety margin was estimated from the excess available pressure drop. 
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II, Task 1.1 - Cooling Correlation and Comparison (cont.) 


D. COOLANT CORRELATIONS 

A number of coolant heat transfer correlations for design pre- 
dictions are available. However, since these are semi-empiri< ul , the usual 
caveat relative to their use beyond the operating ranges for which they were 
developed should be observed. 

The table below presents the critical points, normal boiling 
points, and typical inlet temperatures for the four fuels under consideration: 


PROPANE METHANE RP-1 


AMMONIA 


Critical Pressure, psia 

615 667 

315 1636 

Critical Temperature, °F 

206 -117 

758 270 

Normal Boiling Point, °F 

-44 -259 

422 -28 

Typical Inlet Temperature, °F 
*$ubcooled Propane 

-44 -259 

295* 

60 -28 

1 . Propane 

To avoid the uncertainties of designing 

in the near-crr 

region, analyses were performed at 

the following pressures: 

Pressure 

Chamber 

Channel 

Regime 

Pressures 

Inlet Pressures 

Supercritical 

1000 

1800 


800 

1440 


650 

1170 

Subcritical 

400 

- , 520 


300 

540, 390 


200 

360, 260 


100 

180, 130 
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II, D, Coolant Correlations (cont.) 


Carbon deposits on the chamber gas-side walls from the 
combustion of propane are postulated to result in a significant reduction 
in local heat transfer rates. This reduction was accounted for in calculating 
heat loads, i.e., coolant bulk temperature rise, but not in defining local 
heat fluxes in the channel design procedure. For propane, with a H:C ratio 
of 2.67, a heat input reduction factor of 0.42 was employed on the basis of 
previous data (see Ref. 10). While this procedure does provide a reasonable 
estimate for coolant enthalpy change and, therefore, bulk temperature rise, 
it allows for startup with a clean engine, with intermittent loss of coating 
deposits due to flaking or spalling during engine operation. 

a. Supercritical Pressures 

No data are known for heat transfer to propane in the 
reduced pressure range where 1.9 _< P ^ £ 2.9 (study inlet pressures). Finn, 
as noted by Hendricks in Ref. 11, developed the following correlation for tests 
at low fluxes (0.02 - 0.23 Btu/in 2 -sec) at 695 psia (P rec | = 1.13): 

0.8 0.4 A w\ "°’° 2 

Nu b = 0.026 Re b Pr b \v~ J 

Since wall temperature effects due to temperature-dependent properties must be 
accounted for in this regime, a correlation of this type was selected. The 
recently concluded heated- tube test program on heat transfer to oxygen (Ref. 12) 
utilized both AlRC and other data for a reduced pressure range of 0.39 to 5.76, 
with heat fluxes ranging from 1.2 to 55 Btu/in -sec. The following correlation 
predicted over 95% of the experimental data within + 30%: 
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II, D, Coolant Correlations (cont. ) 


where Nu fef = 0.0025 Re b Pr b °‘ 4 

This correlation (generally termed the "LOX" correlation) was used in pre- 
ference to the Finn correlation to predict coolant-side coefficients for 
propane because the pressure and flux ranges are consistant with those 
required in this study. 

b. Subcritical Pressures 


Two types of analyses for propane at subcritical 
pressures were performed. In the first, it was assumed that a "vaporizer" 
section of the nozzle extending aft from an area ratio of 6:1 had vaporized 
the inlet liquid propane and added ten degrees of superheat. Heat transfer 
on the coolant-side could thus be characterized as forced convection cooling 
with a gas. The Hines equation of Ref. 13, i.e.. 


Nu b 


0.005 Re b 0,95 


Pr 


0.4 

b 


was used in this regime to provide a common correlation for comparison of 
coolant characteristics. 

The second analysis considered the inlet coolant to be 
either at its normal boiling point (i.e., essentially a saturated liquid) or 
in a subcooled state. Thus analyses for propane considered a liquid phase 
at inlet temperatures of -44 or -295°F. For forced convection heat transfer, 
the Hines relationship was employed. 
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II, D, Coolant Correlations (cont.) 


The wall superheat for nucleate boiling was con- 
servatively estimated, i.e., the nucleate boiling mechanism was initiated when 
the local wall temperature exceeded the fluid saturation temperature at the 
local pressure by 25°F. Nucleate boiling heat transfer coefficients (defined 

as the slope of the curve relating boiling heat fluxes to wall temperature) 

2 

ranging from 0.05 to 3 Btu/in -sec-°F were evaluated since no forced-flow boiling 
data were available. 


Burnout heat flux correlations for propane, based on 
the work reported in Ref. 14, were derived at ALRC as: 

* 

a. Where V < 1000 

»B.O. ’ °' 3+ O' 0004 V ‘T sub 

b. Where V aT^ > 1000 

0 B.O. = 0.58 + 0.00012 V AT gub 


where: V * Coolant velocity, ft/sec 

AT sub s Coolant subcooling, °F 

2 

0 B q * Burnout heat flux, Btu/in -sec 

The correlations are supported by test data to a V AT $ub value of about 3500 
ft °F/sec, with a data spread of + 25%. 

2. Methane 


The proximity of the boiling and freezing point of methane 
precludes any significant improvement in subcooling. Since the burnout corre- 
lation given above for propane is also applicable to methane, heat transfer 


37 



II, D, Coolant Correlations (cont.) 


by nucleate boiling of methane in the nozzle high heat flux region was con- 
sidered impractical. The methane investigation was therefore limited to the 
supercritical pressure range and as a superheated /apor at subcritical pressure. 

a. Supercritical Pressures 

No data on the heat transfer characteristics of methane 
at supercritical pressures are known to be published. Following the rationale 
discussed above for propane, the "LOX" correlation was selected. For methane, 
however, the data of Ref. 10 suggest a wall carbon factor of 0.765. A coking 
temperature of 1300°F was employed. 

b. Subcritical Pressures 

The Hines correlation, given above, was used to predict 
the heat transfer coefficients for methane, assumed to be a vapor with ten 
degrees of superheat. This analysis thus paralleled the one performed for 
propane. 


3. RP-1 


Only limited analyses with RP-1 as the coolant were performed. 
While offering many advantages, the low coking temperature of 550°F and large 
bulk temperature rise in the relatively long chambers characteristic of O^/RP-l 
engines present severe design problems. Attention in this study was directed 
primarily to the use oF RP-1 as a coolant at. supercritical pressures (P > 315 
psia). A review of published orrelations indicates that the Hines correl- 
ation adequately represents the heat transfer characteristics of RP-1 at super- 
critical pressures when the wall temperatures are less than the critical 
temperature of 758°F (true for these analyses, since the lower coking temperature 
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II, D, Coolant Correlations (cont.) 


limit of 550°F constrains the maximum coolant-side temperature to this lower 
value). A wall carbon factor of 0.25 (Ref. 10) was used. 

4. Amnonia 


The high critical pressure of ammonia (1636 psia) eliminated 
analyses of this fuel at supercritical pressures. Effort was thus directed 
toward analysis of (a) superheated vapor at subcritical pressures and (b) 
forced convection and nucleate boiling. The Hines correlation was again 
selected for the superheated vapor state as adequately characterizing the 
heat transfer characteristics based on bulk temperature. 

The non-boiling forced convection analyses were performed by 
using the Hines correlation. The burnout heat flux correlation for ammonia 
is of the same form as the one discussed earlier for propane. Based on test 
data of JPL and RMI (Refs. 15 and 16), the equations derived by ALRC, with 
notation as employed earlier, are 

a. Where V AT $ub v_ 4000 ft °F/sec 

*8.0. = 2J5 + °' 00036 V AT sub 

b. Where V AT $ub '• 4000 

0 B 0 = 3.3 + 0.000587 V AT $ub 

These equations are supported by test data to a V <\T $ub value of about 14,000 ft 
°F/sec, with a data spread of + 30%. 
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II, Task 1.1- Cooling Correlation and Comparison (cont.) 


E. RESULTS OF COOLING COMPARISON ANALYSES 

A preliminary finding drawn from the analyses of the four 
coolants considered in this study, with heat transferred either by forced 
convection or nucleate boiling mechanisms, is that cooling characteristics 
are highly sensitive to channel layout (channel and land width profiles). 

Ideally, channel design varies with thrust level and coolant pressure. In 
essence, each coolant- thrust-pressure combination requires a tailor-made 
channel configuration; conversely, any specific channel layout satisfies 
the thermal and hydraulic requirements of a relatively narrow range of input 
parameters. This makes a meaningful comparison of four coolants over a wide 
range of thrusts and pressures more difficult in that time constraints pre- 
clude optimization iterations on channel layout at each specific point. The 
results reported herein are thus based on several channel geometries con- 
sidered relatively crude approximations of the channel layout most appro- 
priate to a broad categorization of cases. 

The five channel layouts used in this study are given in Table II-II. 
The channel width and land width input to the program at the throat (Station 18) 
determines the number of coolant channels for each specific engine design case. 
For all other stations, the dimension input either as channel width or land 
width specifies that dimension for each station while the alternate parameter 
is automatically varied to accommodate the appropriate nozzle chamber dimen- 
sions. For example, for the C channel design, the channel width is held 
constant at 0.174 in. for the first 13 stations whereas the land width varies, 
giving the widest land width at Station 1 and the narrowest at Station 13. 

Channel nomenclature, as used in Tables 1 1- 1 1 1 through II-IX, is 
depicted in Figure 11-15. 
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lAtflt ii-ii 

CHANNEL DESIGN LAYOUT 


Station A/A. 


A Channel 
Controlling 
Dimensions 
annel Land 


A Channel j 
Controlling 

Dimensions j 

annel land 

Width, In. 


A" Channel 
Contro'il inq 
Dimensions 
Channel Land 
Width, in. Width, 


C Channel 
Controlling 
Dimensions 
Channel Land 
Width.in. Width, In, 


0 Channel 
Controlling 
Dimensions 
Channel Land 
Width, In. Width, in. 


1 

208.7 

2 

189.6 

3 

161.0 

4 

133.0 

5 

105.1 

6 

88.1 

7 

69.2 

8 

52.6 

9 

41.8 

10 

30.9 

11 

22.8 

12 

16.i 

13 

11.0 

14 

6.73 

15 

3.77 

16 

2.21 

17 

1.16 

18 

1.00 

19 

1.07 

20 

1.29 

21 

1.71 

22 

2.20 

23 

2.65 

24 

3.00 

25 

3.30 

26 

3.30 

27 

3.30 

28 

3.30 

29 

3.30 

30 

3.30 

31 

3,30 

32 

3.30 

33 

3.30 

34 

3.30 

35 

3.30 

36 

3.30 

37 

3.30 






II, E, Results of Cooling Comparison Analyses (cont.) 

1 . Propane 

a. Supercritical Pressures 

Analyses were performed primarily at thrust levels 
of 6 and 1 OK and at chamber pressures of 650, 800, and 1000 psia. In all 
cases, the coolant inlet pressure was 180% of the chamber pressure. Coolant 
inlet temperatures were -44°F (normal boiling point) and -295°F. In the 
majority of cases, a reduction in the gas-side heat flux to 42% of the 
"clean wall" flux was employed in calculating the bulk temperature rise; 
channel design, however, was based on the "clean wall" flux. Coking temper- 
ature limits were either 750 or 800°F, reflecting the range of temperatures 
for which decomposition can be expected. 

Input data for the analysis are given in Part A of 
Table II-III. Selected SCALER-calculated nozzle parameters are presented 
in Part B, while local fluxes and temperatures are given in Part C for the 
station with the calculated maximum coolant-side heat flux. 

Cases 7A-1 through 7A-4 in Table II-III consider pro- 
pane at an inlet temperature of -44°F (normal boiling point). Parameters of 
interest are plotted Figure 11-16 as a function of thrust for the 0MS 
application, with Pc as the independent variable. Coolant pressure drop, 
velocity and temperature at the throat, Mach number, maximum coolant-side 
heat flux, and the radiation-cooled attachment area ratio increase with 
increasing chamber pressure. The effect of changes in thrust level is most 
significant for pressure drop and bulk temperature rise. Minimum channel 
depths are satisfactory for all chamber pressures at a thrust of 1 OK but 
become increasingly marginal as thrust decreases to 6K. 
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Fiq U re 11-16. Cooling Parameters for Propane at Supercritical Pressures, 

N.B.P. Inlet Temperature and Wall Carbon - QMS (Sheet 1 of 2) 
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Figure 11-16. Cooling Parameters for Propane at Supercritical Pressures, 

N.B.P. Inlet Temperature and Wall Carbon - OMS (Sheet 2 of 2) 
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II, E, Results of Cooling Comparison Analyses (cont.) 


Cases 7A-10 and 7A-11 provide analyses in which the 
inlet temperature was assumed to -295°F. Results are similar, as indicated 
by a comparison of the data plotted in Figures 11-16 and 11-17. 

The effect of a less effective gas-side carbon layer 
with trends as anticipated, is shown in Figure 11-18. Velocity and the 
associated coolant pressure drops increase significantly as the heat 
reduction effect decreases. The formation and adherence of the carbon layer 
is significant to the design of a propane-cooled engine. 

b. Superheatel Vapor at Subcritical Pressures 

Data for superheated propane vapor at subcritical 
pressures are presented in Table I I - IV . Thrust levels again were 6K and 
10K lbF for the OMS application, while chamber pressures ranged from 100 to 
500 psia. Inlet temperature were 10° above the saturation temperature at the 
inlet pressure which, respectively, was 1.8 and 1.3 times the chamber pressure. 
No carbon factor variation was studied, and the coking temperature was held 
constant at 800°F. The C channel design, which has larger land and channel 
widths in the throat and a w'der land width upstream of the throat, was used, 
providing a larger channel flow cross section to reduce flow velocities for 
the less dense gas. 


Parameters of interest are plotted as a function of thrust 
for the chamber pressures analyzed in Figures 11-19 and 11-20 for P in /P c 
values of 1.8 and 1.3, respectively. As was to be expected, coolant throat 
and outlet temperatures are greater. Coolant throat velocities for P in / p c = 1.8 
approximate those for supercritical propane; at the lower pressure ratio, throat 
velocities are higher. Coolant pressure drops are low for P. /P = 1-8 and 
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TABLE Il-IV 

PROPANE AS SUPERHEATED VAPOR AT SUBCRITICAL PRESSURES 
PART B. NOZZLE OESIGN PARAMETERS 
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Column notation depicted in Figure 11-15. 
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Figure 11-20. Cooling Parameters for Superheated Propane at Subcrltlcal Pressures 
and Wall Carbon - OMS (Sheet 1 of 2) 
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II, E, Results of Cooling Comparison Analyses (cont.) 


generally somewhat higher for P 1 - n / p c = 1-3, with all subcritical aP values 
being significantly less than those calculated for supercritical propane. 
Coolant-side heat fluxes are also lower, reflecting the lower gas-side Fluxes 
at lower chamber pressures. All calculated maximum Mach number values were 
less than the 0.3 criteria, except for Pc - 100 psia and P ^ n /P c = 1.3. 

The cases analyzed for the RCS application showed an 
acceptable Mach number at Pc = 100 psia at thrust levels down to approximately 
1400 IbF. Channel depths were satisfactory, as shown in Figure 11-21. 

c. Forced Convection and Nucleate Boiling at Subcritical 

Pressures 

As shown in Table 1 1 -V , the majority of analyses in this 
heat transfer regime were conducted for an engine designed for 10K If hrust 
and a chamber pressure of 300 psia. Part A indicates the primary parameter 
variations utilized to develop a configuration and operating state capable of 
meeting the analysis criteria. 

In all cases, the low burnout heat fluxes predicted by 
the burnout correlations controlled the analysis. Channel design considerations 
centered on maximizing the coolant velocity to provide the V aT . product 
required for maintaining the coolant-side heat flux at 62.1% of the burnout 
i'Ijx. These high velocities resulted in severe overcooling, as indicated by 
the maximum coolant-side wall temperatures (given in Part B of Table II V) 
which ranged from 8T to 348°F - far below the desired limits set by the coking 
(800°F) or cycle life/creep considerations. 
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II, E, Results of Cooling Comparison Analyses (cont.) 


Tt was noted the burnout correlation was supported 
by data to V AT^ products of about 3500 ft °F/sec. The calculation values 
of the product at the last station analyzed range from 20,000 to nearly 75,000. 
The applicability of the burnout equation at these very high V AT ^ values 
is questionable. 


The effect of arbitrarily forcing the coolant to operate 
at the burnout limit was studied in Cases 7C-1.4 through 7C-1.7. Case 1.4 ran 
to completion, but the minimum channel depth was only 0.015 in. Th"» wall 
thickness was increased in Case 1.5 to improve the circumferential fin effect; 
however, the maximum flux and pressure drop increased with no ef f ect on 
channel depth. No benefit was gained by enlarging the channel cross section 
in Cases 1.6 and 1.7. 

2. Methane 


a. Supercritical Pressures 

Analyses were performed at thrust levels of 6 and 1 OK 
for chamber pressures of 700 and 1000 psia, with inlet pressures 1.8 times the 
chamber pressure. The inlet temperature was -259°F (normal boiling point) 
with a constant wall carbon factor of 0.765, i.e., the bulk temperature rise 
calculated was based on a flux at 7 6.5% of the "clean wall" flux. The coking 
nperature was 1300°F. 

Input data are given in Part A of Table II-VI as Cases 
11A-1 and 11A-2 for the 0MS application <>rid as Cases 11A-3 and 11A-4 for the 
RCS application. Calculated data are given in Parts B and C of the table. 
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PART A. ANALYSIS INPUT 
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METHANE AT SUPERCRITICAL AND SUBCRITICAL PRESSURES 
PART B. NOZZLE DESIGN PARAMETERS 
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II, F, Results of Cooling Comparison Analyses (cont.) 


The parameters for the supercritical pressure analyses 
for tre OMS cases are shown as solid curves in Figure 11-22. Data trends 
are similar to those shown in Figure 11-21 for propane. Using the same channel 
geometry, coolant pressure drops are less for methane than for propane. 

These limited data indicate the feasibility of using 
methane at supercritical pressures as a coolant for the OMS application. 

When applied to the RCS case, however, with thrust and Pc combinations of 2K 
and 800 psia and IK and 400 psia, the design program for this channel layout 
provides unacceptable minimum channel depths as flow area is reduced in order 
to generate the velocity necessary for maintaining the gas-side wall temper- 
ature below 1000°F. Iteration on channel layout may provide a configuration 
within analysis criteria. 

b. Subcritical Pressures 

Chamber pressures of 400 and 200 psia were evaluated 
at the 6 and 10K thrust levels by applying the input parameter; in Part A 
of Table II-VI. Inlet temperatures represent the saturation temperature plus 
the 10 degrees of superheat. The design limit constraint is the temperature 
differential between the channel gas-side wall temperature and the nickel 
closeout temperature (Figure 11-10). Pressure drops were low and channel 
depths satisfactory. These data are plotted as the dashed curves in 
Figure 11-22. 


Analyses for the RCS application were performed at 1 
and 3K lb thrust at Pc * 300 psia. Channel depths in the chamber were 
satisfactory at the 3K thrust level but only marginal at IK. Associated 
with the shallow channel depths were high pressure drops and Mach numbers. 
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II, E, Results of Cooling Comparison Analyses (cont. ) 


3. RP-1 


Analysis input and computed results for nozzle design analyses 
of RP-1 at supercritical pressures are given in Table II-VII. For the two 
cases in which complete solutions were obtained (F = 10K lbF ana Pc = 500 and 
315 psia), the first (Case 6A-1.2) resulted in an unacceptable pressure drop 
and a maximum liquid velocity just under the limiting criterion of 200 ft/sec. 

A channel geometry modification, a decrease in chamber pressure, and an in- 
crease in the coking temperature to 800°F (Case 6A-4.2) resolved these 
problem areas and gave satisfactory results. In all cases, wall temperatures 
specified by the coking temperature controlled the solution. Bulk temperature 
increases were moderate as a result of the flux reduction obtained with a 
wall carbon factor of 0.25. The AT b for Case 6A-1.1 (Factor of 0.25) from 
e = 33:1 to the throat was 36.5°F, compared to 138. 5°F for Case 6A-3.1 
(Factor = 1.0). 


Analyses at subcritical pressures were not successful due to 
solution convergence problems encountered at the first station. A typical 
analysis input attempted is shown in Table II-VII as Case 6C-1.1. Time 
constraints precluded resolving the nature of the computational problems, 
thus preventing achievement of analytical solutions. 

4. Ammoni a 

Analysis input and selected nozzle design parameters are 
given in Table II-VII I for superheated ammonia vapor at subcritical pressures. 
Note that these results are for ammonia in Zr-Cu chambers; computer solutions 
could not be accomolished with stainless steel as the material of construction. 
The inlet temperatures for ammonia Incorporate more superheating than was the 
case for propane and methane. These higher superheats were necessary to 
prevent the generation of erroneous property data caused by interpolations 
between liquid and gas phase data values. 
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RP-1 AT SUPERCRITICAL PRESSURES 


TT 

? 





+-> ui 


<0 3 
O •- 

■c #0 


t— QC 


CM 

SO CD 

CM P** 



CM 00 00 

so S *r 

CM CM 

r-‘ ^ CM* 



33 


«— CM 

— CM 

— — CM 

-- 

— 

CM CM 

rn -e *jr 


s 



LJ 

so 


CM *— CM CM 

*o O I »— «— cm cm rn 

O I | ( II I I | 

< 

sO 


71 




6C-K1 No Design Available 
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AMMONIA AS SUPERHEATED VAPOR AT SUBCRITICAl PRESSURES 
(In Zr-Cu) 
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( ) Solution aid not converge. Data in parentheses are those for last station converged as 
indicated by value of axial distance from throat given In L' column. 

Negative values in L* column refer to axial distance from throat to injector. Negative values 
for c also refer to area ratios between throat and injector. 


II, E, Results of Cooling Comparison Analyses (cont. ) 


Solutions in three of the four analyses performed gave 
maximum Mach numbers greater than the 0.3 limiting criterion. These high 
values for the Mach modulus are due largely to the low density of ammonia 
at the relatively high gas temperatures. However, an RCS application (Case 
128-4.1), at a thrust of IK IbF and a chamber pressure of 100 psia, gave a 
satisfactory solution with an outlet anmonia temperature of 574°F. The heat 
flux for this case was quite low, however, as is shown in Part C of Table 
II-VIII. 


A limited number of representative analyses '•n forced con- 
vection and nucleate boiling of liquid ammonia were performed, with data 
given In T ible II-IX. The burnout safety factor, set equal to unity for the 
most favorable analysis, controlled the channel depth at each station, 
resulting in a highly overcooled channel. In one an'tysls (Case 12C-1.1), 
a computer solution was achieved for each station; in the other three cases 
evaluated, solution convergence problems were encountered for the nozzle 
between the throat and the cylindrical chamber section. Unlike the case for 
propane, the V AT ^ values calculated for ammonia were within the data 
range of the burnout correlating equations, providing a higher degree of 
confidence in the but nout criterion. 
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TABU II -IX 

MMMA AT SUBCRMCAL PRESSURES KITH NUCLEATE B0ILIN6 
(In Zr-Cu) 

PART A. ANALYSIS fWPirr 
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Colurr. notation for Part C depicted in Figure 11-15. 


III. TASK 1.2 HEATED TUBE TESTING 


A. OBJECTIVES AND SUMMARY 

The objectives o + the experimental heat transfer investigation 
were (1) to measure the forced convection heat transfer coefficient of propane 
at subcritical and supercritical pressures; (2) to measure the nucleate boiling 
and burnout heat flux character! r tics of subcritical propane; (3) to in- 
vestige, te propane coking char? cteri sties at elevated wall temperatures; and 
(4) to correlate these data in a manner meaningful 1.0 the design ot regen- 
eratively cooled thrust hambers. 

f J a grneiuted from the cooling comparison effort (Task 1.1) of 
this contract v.as used to identify propane cooling regimes and the associated 
parameters of particular interest to the OMS/RCS Engine application. 

A total of 12 individual heat transfer tests were conducted during 
this effort. These are summarized in Table 1 1 1- 1 . 


Forced convection heat transfer c efficients were measured over 
llowing range of nominal test conditions: 


Pressure: 

Bulk Temperature: 
Velocity: 

Wall Temperatures: 
Heat Flux: 


450 to 1800 psia 
-250 to 250°F 
50 to 150 ft/sec 
Ambient to 1200°F 
0.2 to 10 Btu/in^ sec 


t 


Suoseqnpnt analysis of the data led to a correlation predicting 
95% of the data within + 2*%. 
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Ill, A, Objectives and Summary (cont.) 


Nucleate boiling coefficients and effective critical heat flux 
(transition from nucleate to film boiling) were measured over the following 
test conditions: 


Pressure: 450 to 500 psia 

Bulk Temperature: -240 to -12°F 

V AT: 20,000 to 40,000 Ft-°F/sec 

The number of data points over the above range are few compared 
to those for forced convection. Nucleate boiling data, plotted versus wall 
superheat, show property dependence. Correlation techniques for these data 

have not been thoroughly evaluated due to limited data range and quantity. 

The critical heat flux measured for propane was considerably higher (80-100%) 
than had been originally predicted on the basis of the limited low flux data. 
This fact considerably enhances the prospect of regenerative thrust chambers 
cooled with subcritical propane. 

Coking data were measured over the following range of test 

conditions: 

1800 psia 
Ambient to 230°F 
350 to 1003° F 
50 and 150 ft/sec 
Instrument (99.5%) 

Natural (96%) 

Coking was observed at low wall temperatures ^ 50C°F. Coking rates 
appeared comparable to those rates published for RP-1. The level of purity 
did not appear to affect the wall temperature at which coking was initiated; 

, however, measured rates were generally lower with instrument grade. 
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Pressure: 

Bulk Temperature: 
Wall Temperature: 
Velocities: 
Propane grade: 


1 


1 



Ill, Task 1.2 Heated Tube Testing (cont.) 


B. TEST FACILITY 

1. ALRC Heat Transfer Test System 

The heat transfer test facility, shown schematically in 
Figure II 1-1, consists of the following: 1) a 150 gallon 5500 psi, vacuum- 

jacketed, propane-run tank with a high-pressure helium pressurization system; 

2) a jacketed run line; 3) an enclosed, electrically heated test section; 

4) a 225 Kw DC power supply; and 5) all necessary controls and instrumentation. 

The test section apparatus was enclosed in a 1/2 in. thick 
aluminum box. The test section enclosure was covered with an acrylic window 
and purged with ury nitrogen to maintain an inert atmosphere. During testing, 
the test section was monitored continuously with a closed circuit television. 

The test section was clamped into electrical connections 
cantilever-mounted in the test section enclosure. The upper connection was 
supported with flexures to permit axial movement of the heated test section 
tube due to thermal expansion. To ensure free axial movement, a tension 
force was applied to the outlet end of the test section. The inlet of the 
test section was maintained at ground poiarity, and the outlet mixer incor- 
porated electrical insulation to isolate the test, section from downstream 
plumbing. 


Flow control was accomplished using a 1/2 in. control valve 
at the test section cutlet. 

Bulk temperature control of the propane was provided by an 
LN 2 driven heat exchanger and recirculation pump system. 


79 



iW TO ATWS 



Figure III-l. ALRC Heav Transfer System Schematic 
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Ill, B, Test Facility (cont.) 


2. Test Sections 


Electrically heated test sections were designed to give the 
greatest range of test conditions and data points without exceeding the 
strength of the tube or the capacity of the test facility. 

The test section configuration, together with instrumen- 
tation locations for all tests, is shown in Figure III-2. With the exception 
of Test 111, where the test section from the previous test was used, new test 
sections were used for each test. 

The installation of instrumentation in the test sections is 
shown in Figures III-3 and 1 1 1-4. Pressure taps were located immediately up- 
stream and downstream of the test section and were connected to pressure 
transducers with 1/8 in. dia. CRES tubing. Temperature was measured at five 
stations, spaced at even increments of L/ID along the outside wall of the 
heated section. Two measurements, located 180° apart, were taken at each 
station and averaged. The thermocouples were electrically insulated from the 
tube with a thin strip of Mica to prevent voltage from the tube interfering 
with thermocouple readings. To ensure good heat transfer between the tube 
wall and the thermocouple, the thermocouples were sp'ing-loaded against the 
test section. Because the thermocouples are not directly attached to the 
heated tube, the measured temperature is somewhat lower than the actual wall 
temperature. Calibration tests for these configurations, conducted as a 
part of Contract NAS 3-20384, "Supercritical Oxygen Heat Transfer" (Ref. 12), 
allow correlation of measured data with actual wall temperature. 

3. Instrumentati on 

The measured parameters, together with instrument type, are 
listed in Table III-II. In addition to the standard low frequency measurements. 
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TABLE 1II- II 

PROPANE HEAT TRANSFER 
INSTRUMENTATION LIST 




TRANSDUCER 

mi 

ACCURACY 

RECORDING DEVICE 

1 MALFUNCTION 

PRH 

PARAMETER 

SYMBOL 

TYPE 


t% READING 

i Mi 11 imm 

DETECTION 

EE IBoaM 

Inlet Mixer Pressure 

P M1 

Strain Gauge 

0-2000 psl 

0.25 




X 


Optimize 

Test Section Inlet Pressure 

P ln 

m H 

0-2000 psl 

0.25 


X 

X 

X 


it 

Test Section Outlet Pressure 

P out 

M n 

0-2000 psi 

0.25 


X 

X 

X 



Outlet Mixer Pressure 

P M0 

m n 

0-2000 psl 

0.25 




X 


“ 

Fuel Tank Pressure 

P FT 

H ii 

0-2000 psl 

0.5 


X 


X 



Flowmeter Inlet Pressure 

P FM 

H ii 

0-2000 psl 

0.25 




X 


" 

High Freq. Inlet Pressure 

P HF1 Plezlo Electric 

500 p-p psl 

5 

X 

X 

X 




High Freq. Outlet Pressure 

P HF2 

ti M 

500 p-p psl 

5 

X 

X 

X 




Flowmeter Temperature 

T FM 

RTT 

165-600°R 

(♦. .5°R) 




X 



Test Section Inlet Temp. 

t in 

RTT 

n 

(+ .5°R) 


X 

X 

X 



Test Section Inlet Temp. 

t in-r 

Thermocouple 

M 

(+ .5°R) 




X 


Redundant 

Test Section Wall Temp. 

t wi-a 

ii 

1 65-1 260° R 

ii 


.V 

X 

X 



H 

t wi-b 

H 

ii 

" 



X 

X 




T H2-A 

•I 

ii 

ii 


X 

SI 

X 



** 

T W2-B 

ii 

ii 

" 



n 

X 



H 

T W3-A 

ii 

H 

it 


X 

D 

X 



M 

T W3-8 

•i 

»' i 




m 

X 



■I 

T W4-A 



H 


X 

1 

X 



M 

T W4-B 

ii 

" 

ii 



D 

X 




T 

W5-A 


ii 

ii 

1 

X 

X 

X 



II 

T 

W5-B 


n 

ii 



X 

X 



Test Section Outlet Temp. 

T out 

RTT 

165-600°R 



X 

X 

X 



Test Section Outlet Temp. 

y 

out-R 

Thermocouple 






X 


Redundant 

Test Section Voltage 

V TS 

Voltmeter 

100 VDC 

.25 



B 

X 



Center Tap Voltage 

V CT 

" 

100 VDC 

.25 


mk 

1 

X 



Test Sec\ .on Current 

T 

*TS 

Shunt 

3000A 

.5 


1 

fl 

X 

"0 M after 
r'ower Up 


Test Section Current 

: ts-r 

n 

i 

3000A 

.5 

' 

II 

■ 

X 

"0“ after 
Power Up 

Redundant 

Propane Flowrate 

W F1 


.1-1.7 #/se 

c .5 


I 


X 

Overspin 


Propane Flowrate 

W F2 


.1-1.7 #/sec .5 , 

L_ 1 

■ 

■ 

X 

Overspin 
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Ill, B, Test Facility (cont.) 


high frequency pressure transducers, installed in both inlet and outlet mixer 
sections, were used to measure pressure oscillation resulting from abnormal 
flow or heat transfer modes. 

C. HEAT TRANSFER TESTS 

The propane heated tube test program consisted of a total of 
twelve individual tests. Each test was designed to cover as wide a range 
of test conditions and variables as coolant flow time would permit. 

A detailed summary of all test conditions is presented in Table 
III-III. At each data point, five wall temperatrue measurements along the 
length of the tube have been recorded; these correspond to the thermocouple 
positions shown in FigureIII-2. Internal .'all temperatures, calculated from 
the measured external wall temperatures, are listed in Table 1 1 1- IV in con- 
junction with the calculated local coolant parameters. The data points listed 
in Table III-III ere keyed to th . test section local coolant parameters, 
shown in Table III-IV, through the ID#. 

1 . Supercritical Pressure Tests 

Tests 101-105 were all conducted at supercritical pressure, 
covering a wide range of coolant bulk temperature and velocity. Wall temper- 
ature trends versus input heat flux for each test are plotted in Figures 1 1 1-5 
through I I 1-9. Tests 101 and 102 were conducted at constant pressure, while 
special experimental techniques, developed after Test 102, allowed multiple 
pressure level data to be gathered during the same test. This considerably 
enhanced the range of parametrics and data points available for the forced 
convection correlation. Data trends are similar in all tests, with the heat 
transfer coefficient degrading at Increased wall temperatures in all cases. 
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HTB6-797-102 
STATION #5 



Figure III-6. Test HTB6-797-102 - Wall Temperature Trends 
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Figure I I 1-7. Test HTB6-797-103 - Wall Temperature Trends 
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Figure III-8. Test HTB6-797-104 - Mall Temperature Trends 








'WALL 

Figure III-9. Test HTB6-797-105 - Wall Temperature Trends 










Ill, C, Heat Transfer Tests (tont.) 


Flow oscillations, shown shaded in the plots, often accompanied the higher 
wall temperature data, particularly at lower pressures. 

2. Subcritical Pressure Tests 


Test 106 and Tests 109 through 111 were all conducted at 
subcritical pressure. Wall temperature versus heat flux for these tests 
are plotted in Figures III-10 through III-12. Test 110 and Test 111 share 
the same plot since the latter is an extension of the data generated in 
Test 110. Data trends are all similar and can be separated into the various 
cooling regimes: (1) forced convection at wall temperatures below the 

saturation temperature; (2) forced convection with nucleate boiling from 
T $a t a wall temperature corresponding to the critical heat flux; and 
(3) film boiling. 


Whereas Test 106 exhibited a smooth transition to the film 
boiling regime. Tests 109 and 111 encountered a distinct jump in wall temper- 
ature at the critical heat flux. The flagged data points shown in Figure III-12 
(Test 111) were measured as power was slowly reduced after encountering 
the wall temperature jump. 

3. Coking Tests 

Tests 107, 108 and 112 were conducted at supercritical 
pressure with the express purpose of defining coking rate versus wall 
temperature. 


Wall temperatures versus time for these tests are plotted 
in Figures IU-13 through III-15. In Test 107, an optimistic estimate of 
coking temperature was assumed. Wall temperatures had to be quickly lowered 
to preclude tube burnout because of the rapid coking at the hottest tube station. 
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T WALL °F 

Figure III-10. Test HTB6-797-106 - Wall Temperature Trends 
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Figure III-ll. Test HTB6-797-109 - Wall Temperature Trends 



























igure III-14. Test HTB6-7S7-108 - Wall Temperature Trends 









Ill, Task 1.2 lleett- Tube Testing (cont.) 


D. DATA CORRELATION 

1 . Forced Convection 


Forced convection heat transfer data were correlated by 
using the following equation: 

* . Pk d *‘k e 9 d N 0 

<« <%>* ^ ^ ( 4> <3 > «rr:> 11 * ot> 


Nu, 


b 

Where: 


Nu *= Nusselt number 

Re v Reynolds number 

Pr * Prandtl number 

p * Density 

\\ e Viscosity 

k * Thermal conductivity 

Cp = Specific heat 

K a Experimental determined constant 

P « Pressure 

"crlt ■ CHt(c ”' 

L/D « Length/diameter from Initiation of heating 


and subscripts: b - denotes property evaluated at bulk temperature 

w - denotes property evaluated at wall temperature 


The constants k, a, c, d, e, f, g, and h were determined from 
the forced convection data by using a multiple regression anlaysls computer 
program. 
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Ill, D, Data Correlation (cont.) 


Several cases were run; these are summarized in Table III-V. 
Table III-VI lists the specific data base used in each correlation case. Data 
points influenced by oscillations or poor energy balance were not used in the 
correlation. 


Figures III-16 and 17, respectively, are a plot of the 
recommended forced convection correlations based on all data and on P > P cr ^ t 
(Cases 3 and 5). 


2. Nucleate Boiling and Burnout Heat Flux 

Burnout heat flux versus the product of the local velocity 
times saturation minus bulk temperature (V AT) is plotted in Figure II 1-18. 


where: 


manner: 


The correlation derived from the data is: 

0 B Q = 2.71 E-4 (V AT) + .5 

2 

0 B q = Burnout heat flux - Btu/in sec 

V = fluid velocity - ft/sec 
AT = (T saturation - T bulk) -°F 

Nucleate boiling data were correlated in the following 


where: 




+ 0 


N.b. 


2 

0y ■ Total measured heat flux - Btu/in sec 

0p r = Assumed forced convection component when T-, > 

T sat " Btu/in2sec 

0n k 55 Residual attributed to nucleate boiling mechanism - 
"' D ’ Btu/1n z sec 
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TABLE III-VI 


Vest No. 
HTB6-797- 

101 

102 

103 

104 

105 


106 

107 

108 


109 

110 
111 
112 


FORCED CONVECTION DATA BASE 


Data 
ID NO. 

6-45 
61-85 
91-125 
136-145 
151-185 
211-220 
236-269 
271-274 
281-284 
286-289 
296-299 
311-330 
381-385 
446-450 
486-490 
521-525 
565, 570, 575 
626-645 
656-660 
716-720 
736-738 
756-757 
776-777 
796-797 



Correlat 


1-3 

Use 


I 


ion Case 


t 

n .ete 
Use 


f 

Delete 

Delete 

Delete 

Use 

i 
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Figure III-16. Forced Convection Correlation Based on All Data 










Figure II 1-18. $B.O. Correlation 


Ill, 0, Data Correlation (cont.) 


The forced convection effect was calculated from 
0 Fc = h F.C. (T sat " T bulk^ 

The forced convection coefficient hp c was calculated 9 
T wall = T sat and was then taken t0 be constant. 

was then plotted versus wall superheat (T wa -ji - T $at ). 
The results are shown in Figure III-19. 


3. Coking Correlation 


Coking data are plotted in Figure III-20 in the form of 
coking rate versjs the reciprocal of absolute temperature. A dashed line 
representing RP-1 rates (Ref. 17) is shown as a comparison. 


Coking rates were calculated from the test data using the 


following model: 


'sLrCOKE 

LAYER 

i t 

N COOLANT 

FLOW-Tb 

TEST SECTION 


i^-TUBE 
w WALL 


i 

^^■ T FILM 


WALL 


'FILM 


0 




'COKE 


COOLANT 


HEAT MODEL 
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Figure I I 1-19. Nucleate 3o111ng Data 
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Figure II 1-20. Propane Coking Rates 
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Ill, D, Data Correlation (cont.) 


where: 


T ,, = Calculated inside tube wall temperature 

wa (from test data) 


T film 


Effective coolant film temperature 


Tbulk * Bulk temperature of coolant (from test data) 

0 = Heat flux (from test data) 

D 

coolant - 1/h, where h is the measured heat transfer 
coefficient 


R co k e 3 Thermal resistance of coke layer 


^film assuine< * t0 be tbe referee temperature at which 
the coking is occurring. It is calculated as 



T film = 

T wall " ^ R coke 

0) 

or 

Tfilm = 

Tb + ^ R coo1a.it 

0) 

Initially 

R coke 

0 and Tfilm = 

T wall 


As coke develops on the tube wall, T^-| m is calculated as: 
T film * T b + (R coolant 0) 

At constant 0, l' t and R c00 ] ant ere also assumed constant, 
therefore T^ 1(n remains constant and is calculated from R coke 3 ( T wa n 

R coke measure<1 ai a function of time and a coking rate 

defined as 

A R coke 

r? — 

at the effective temperature, T^j m . 
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Ill, D, Data Correlation (cont.) 


Upon change of power level, 0, a n ii calculated as 

T film “ T wall ' < R coke [currOTt va,ue:i *> 
whereupon the procedure is repeated. 

F. TEST SECTION INSPECTION 

Test sections used for the supercritical and coking test series 
were split into two halves, as shown in Figures I I 1-21 and II 1-22. 

Small amounts of coke can be seen in some of the supercritical test 
sections (short duration exposure), while blackend tubes were characteristic 
of the low velocity coking tests. 

F. PROPANE PURITY 

Two grades of propane were purchaseo for this program - natural 
and instrument grade* Nine cylinders (20 gallons each) of natu.al grade have 
been used. Five of the nine were purchased from Matheson, the- remainder 
from Liquid Carbonics. 

The initial run tank fill consisted of 5 Matheson and 2 Liquid 
Carbonics cylinders. An additional cylinder was added on 16 April 1980. 

A sample of the nn tank contents was taken on 23 May 1980 after completion 
of heat transfer Test #107. Propane purity was near nominal, 95.4%. 

Prior to Initiating heat transfer Test #108, an additional cylinder 
was added, and Tests 108 through 111 were completed. On 1 July 1980, a sample 
was again taken prior to purging the system for addition of Instrument gra-le. 



Figure I 11-21 . Test 




TEST SECTIONS - COKING SERIES 
TUBE MATERIAL: MONEL K5CO 

TUBE DIMENSION: .125 IN. 0.0. x .015 IN. WALL x 5.97 IN 


-»► FLOW 


I 

A- 


TEST: HTB6-797-107 

VELOCITY * 48 FT/SEC 
PRESSURE = 1800 PS I A 


T WALL max a 


1220°F 


>MAX 


5.8 BTU/IN -SEC 


PROPANE GRADE: NATURAL 






« , ■»* 





TEST: HTB6-797-108 


VELOCITY = 160 FT/SEC 
PRESSURE - 1800 PSIA 
T = 732°F 

'wall MAX 

y ^ MAX * 10.4 BTU/IN 2 -SEC 
PROPANE GRADE: NATURAL 


TEST: HTB6-797-I12 

VELOCITY - 50 FT/SEC 
PRESSURE * 1800 PSIA 

t wall max a 1164 ° F 

■* 6.20 BTU/IN 2 -SEC 
PROPANE GRADE: INSTRUMENT 





Figure I 11-22. Test Sections - Coking Series 
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Ill, 0, Data Correlation (cont. ) 


The analysis showed an unusually low propane content, 87%, while 
ethylene and butane components were each up to 5%. 

On 18 July 1980, following Test 112, the run tank was sampled to- 
gether with unused cylinders of product. The results are tabulated in 
Table III-VII. 
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TABLE III-VII 


PROPANE SAMPLE ANALYSIS 

Component, Volume % 


Sample 

Ethane 

Ethylene 1 2 

Propane 

Butane 

? 

Unknown 

23 May 1980 
(Run Tank) 

1.32 

- 

95.4 

3.03 

0.25 

1 July 1980 

0.56 

5.14 

87.36 

5.48 

1.46 

(Run Tank) 






18 July 1980 
(Run Tank) 

0.10 


99.00 

0.42 

0.48 

Liquid Carbonic 
Instrument Grade, 
as received 

0.04 


99.95 


0.01 

Liquid Carbonic 
Natural Grade, 
as received 

1.08 

5.23 

90.85 

2.82 

0.02 


1 Tentative assignment; retention time Is consistent. 

2 

Peak shape Is similar to butane. One speculative assignment 
Is butylene, but no standards were available. 
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IV. TASK I - CONCLUSIONS AND RECOMMENDATIONS 


A. CONCLUSIONS 

The Task I analytic study has demonstrated the relative cooling 
capabilities of methane* propane, ammonia, and RP-1. The sensitivity of 
these fuels to the various operating conditions has been determined. 

There are three significant factors Influencing the analysis: 

1) The assumed forced convection and nucleate boiling heat 
transfer correlations employed. 

2) The assumed coolant-side coking characteristics of the fuel. 

3) The gas-side carbon deposition. 

Each of these factors, particularly for methane, propane, and RP-1, 
has Influenced the projected cooling ranges and should be verified experi- 
mentally. 


The Task I experimental study of the heat transfer character- 
istics of propane had the following unexpected results: 

1) Forced convection heat transfer coefficients were 30 to 50% 
higher than predicted by the "LOX" correlation used In the 
analytic study. 

2) Burnout heat flux measurements were signficantly higher than 
had been predicted on the basis of limited low flux data. 

3) Coolant-side coking occurred at relatively low wall 

temperatures 500° F. 
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IV, A, Conclusions (cont.) 


The higher forced convection and burnout flux characteristics of 
propane should show significant improvement in the predicted operating range. 
However, the unexpected low coking temperature may severely penalize propane 
in forced convection cooling modes. 

B. RECOMMENDATIONS 

1. Investigate causes of propane coking, i.e., impurities, 
catalytic effects, etc. 

2. Verify predicted methane coking limits and forced convection 
correlations. 

3. Investigate gas-side carbon deposition for methane and propane. 
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